Adjuvant chemotherapy after pulmonary metastasectomy might strongly affect prognosis of metastatic CRC patients. Even patients with single metastatic lesions and normal preoperative CEA level appeared to receive benefits from such chemotherapy. Narrowing of suitable candidates by predicting the effects of systemic chemotherapy and prospective randomized studies are needed.
Introduction
During the last decade, chemotherapy regimens containing the 5-fluorouracil (FU)-based drugs oxaliplatin, irinotecan, and bevacizumab showed impressive improvements in survival for patients with both metastatic and resected colorectal cancer (CRC) at pathological stage III [1e9]. These encouraging results have led many surgeons to believe that surgical resection in combination with pre-or postoperative systemic chemotherapy might improve the prognosis of patients with metastatic CRC and to take an aggressive stance in the management of hepatic and lung metastases. However, most of these recent reports are about hepatic metastases [10e19] . Only a few studies have shown a potential survival benefit from postoperative chemotherapy administered after complete removal of lung metastases from CRC [20e23] .
Hence, we investigated whether adjuvant chemotherapy administered after pulmonary metastasectomy provides benefits for patients with lung metastases from CRC and how strongly it affects patient prognosis.
Patients and methods
This retrospective cohort study was approved by the Kitasato University Medical Ethics Committee (Approval Number: B16-234). We examined clinical and pathological records of all consecutive patients undergoing lung resections for pulmonary colorectal carcinoma metastases performed from 1 January 2000 to 31 March 2014 in the Department of Thoracic Surgery, Kitasato University Hospital. Inclusion criteria for this study were 1) pathologically proven complete resection, 2) first pulmonary metastasectomy, and 3) curative treatment of extrapulmonary lesions before pulmonary metastasectomy. Preoperative evaluation included that by computed tomographic imaging of the chest, abdomen, or brain or by magnetic resonance imaging. Fluorodeoxyglucose-positron emission tomography was performed in a recent series of patients if liver metastasis, peritoneal dissemination, or other extrapulmonary recurrence was suspected. Almost all of the patients underwent the follow-up and surveillance that are recommended by the Japanese Society for Cancer and the Colon and Rectum. The guideline recommends a physician-performed physical examination, blood tests including a tumor marker every 3 months, and chest/abdominal computed tomography scans every 6 months for the first 3 years and every 6 months thereafter.
There was no definitive indication for post-lung resection chemotherapy during the study period in Japan. Therefore, each doctor judged whether the patients should receive postoperative chemotherapy considering the below-mentioned factors and social background.
We investigated clinical and pathological prognostic factors such as age, sex, number of pulmonary metastases, serum carcinoembryonic antigen (CEA) level before lung resection, primary cite of CRC, disease-free interval between definitive treatment of primary CRC and detection of pulmonary metastases (DFI), liver metastases before lung resection, pathological stage of the resected CRC, adjuvant chemotherapy after resection of CRC, operative procedure for the lung, pathological nodal involvement, pathological tumor size, and adjuvant chemotherapy after the first pulmonary metastasectomy, which was previously shown to have an effect on survival and recurrence in the literature. Furthermore, to better understand the background of the patients, we used a new variable, extrapulmonary lesion before pulmonary metastasectomy, which indicates whether patients have liver metastases including synchronously or metachronously, local recurrence, recurrence in the lymph node of the para-aorta, and positive peritoneal lavage cytology before lung resection. This variable seems to show more precisely which patients were close to having systemic versus local disease just before pulmonary metastasectomy. Patients presenting with synchronous lung diseases when they underwent operations for CRC were assigned a DFI of 0. Pathological tumor size refers to the size of the largest tumor when multiple metastases were present. If the two staged thoracotomies for bilateral metastases were done within 6 months, the day of the second staged resection was calculated as the time of first metastasectomy. The primary endpoint of this study was relapse-free survival (RFS) because the principal objective of this study was to estimate the clinical effect of adjuvant chemotherapy.
Statistical analysis
Overall survival (OS) was defined as the interval between lung metastasectomy and death from any cause. RFS, the primary endpoint, was also calculated from the date of lung metastasectomy to the date of proven recurrence or death from any cause. Data for patients lost to follow-up were censored on the date the patient was last seen alive without recurrence. Cumulative survival curves were estimated with the Kaplan-Meier method and compared with the log-rank test and the Wilcoxon signed rank test. Multivariable analysis was performed with the Cox proportional hazards regression model to estimate the independent prognostic effect of adjuvant chemotherapy on RFS and OS by adjusting for confounding factors. Variables were selected for multivariable analysis on the basis of the results of the univariate analysis, statistical independence, and clinical significance for the outcome of pulmonary metastasectomy. The variables in the Adjuvant and Surgery alone groups were compared using Fisher exact test or Pearson's chi-square test for categorical variables. A P value of <0.05 was considered significant. All analyses were conducted with JMP version 11.0 (SAS Inc., Cary, NC) and EZR ( 
Results

Patient characteristics
During the study period, 128 consecutive patients underwent pulmonary resection for lung metastases from CRC. Excluded were 10 patients with an incomplete resection at their first pulmonary metastasectomy, 17 patients with non-first metastasectomy, and 1 patient with inadequate information on postoperative chemotherapy and follow-up. Finally, 100 patients remained and were analyzed in this study. Patient characteristics are shown in Table 1 . New chemotherapy regimens containing oxaliplatin, irinotecan, and molecular-targeted drugs were administered in 29 of the 42 patients undergoing adjuvant chemotherapy after pulmonary resection. Breakdown of the patients by the pathological stage of CRC showed 4 patients in stage I, 28 in stage II, 45 in stage III, and 23 in stage IV. Of the 23 stage IV patients, 6 had synchronous liver metastases, 11 had synchronous lung metastases (the remaining 89 patients had metachronous lung metastases), and 6 had both synchronous lung and liver metastases. Metachronous liver metastases were present in 8 patients. Patients with resectable synchronous lung metastasis underwent pulmonary resection after surgery for the primary lesion and after controlling other metastatic sites. No patients with unresectable multiple lung metastases were converted from systemic chemotherapy to surgery for lung metastases. There were too few cases pathologically proven to have intrapulmonary lymph node metastasis to analyze statistically. At the time of analysis, 25 patients had died of the disease, 2 patients had died of other causes, and 56 patients had experienced recurrence. The median duration of follow-up was 80 months from colorectal operation and 51 months from pulmonary resection for colorectal metastasis. We observed 70% of the patients over 3 years and 43% of the patients over 5 years.
We investigated the differences in prognostic variables of the patients between the adjuvant chemotherapy group and the surgery alone group (Table 2 ). There were no significant differences in the distribution of prognostic factors. Furthermore, the number of patients who underwent systemic chemotherapy with new regimens between the perioperative period of CRC and/or just before lung resection was not different in the patient groups with or without adjuvant chemotherapy after pulmonary metastasectomy.
Survival analysis
For the 100 patients, rates of 5-year OS and 5-year RFS after pulmonary metastasectomy were 76% and 41%, respectively. The difference in cumulative RFS and OS survival curves of the adjuvant chemotherapy group versus the surgery alone group were statistically significant (RFS: log-rank test, P ¼ 0.037 and Wilcoxon test, P ¼ 0.004; OS: log rank test, P ¼ 0.047 and Wilcoxon test, P ¼ 0.023, respectively) ( Fig. 1) . As a result of the above-mentioned selection of variables, we judged that 8 prognostic factors were essential for multivariable analysis.
We selected 8 prognostic factors for multivariable analysis on the basis of the results of the univariate analysis, statistical independence, and clinical significance for the outcome of pulmonary metastasectomy (Table 3 ). Multivariable analysis for RFS showed that adjuvant chemotherapy (hazard ratio [HR]: 0.49, confidence interval [CI]: 0.85e2.71, P ¼ 0.016), the number of metastases (HR: 2.35, CI: 1.24e4.40, P ¼ 0.010), pre-thoracotomy CEA level (HR: 2.70, CI: 1.48e4.80, P ¼ 0.002), and pathological stage of CRC (HR: 1.85, CI: 1.01e3.54, P ¼ 0.047), significantly affected the prognosis of patients with lung resection for pulmonary metastases from CRC ( Table 3 ). Among these prognostic factors, only the pathological stage of CRC was not significant in the multivariable analysis for OS. Furthermore, stepwise analysis using the Akaike information criterion value, Bayesian information criterion value, and P-value selected the first three prognostic factors (adjuvant chemotherapy, number of metastases, and pre-thoracotomy CEA) mentioned above in the final model.
Subgroup analysis
After dividing the patients into two groups based on the two most important prognostic factors, the number of metastases and pre-thoracotomy CEA level ( Fig. 2A) , we investigated the effects of adjuvant chemotherapy after lung resection in these two subgroups ( Fig. 2B and C) . Similar effects of adjuvant chemotherapy were observed in both groups. Similar trends were also seen in terms of OS (data not shown).
Discussion
The advancements in both systemic chemotherapy and surgical technique and the distinct improvements in the outcomes of CRC patients over the past 15 years have led many surgeons to take a more aggressive stance in the management of metastatic CRC disease. However, the optimal selection of patients for lung resection and how to combine systemic chemotherapy with an aim to increasing curable cases are controversial. Some studies of liver metastases from CRC have explored the benefits of perioperative systemic chemotherapy [10e19, 21] , but they remain to be shown.
In terms of lung metastases from CRC, there are only a few papers that suggest the potential of adjuvant chemotherapy after lung resection [20e23]. Mitry et al. showed the potential benefit of adjuvant chemotherapy after curative resection of either liver or lung CRC metastases in their meta-analysis of two randomized trials that were initiated in the early 1990s (the French FFCD 9002 and EORTC/NCIC trials) [21] . In their paper, differences in diseasefree survival (DFS) and OS in the systemic 5-FU-based adjuvant chemotherapy group versus the surgery alone group were not statistically significant (5- year DFS rates were 36.7% and 27.7%, respectively [P ¼ 0.058], and 5-year OS rates were 52.8% and 39.6%, respectively [P ¼ 0.095]). However, the differences in the cumulative survival curves showed potential clinical significance. Unfortunately, the fact that the majority of the patients in their study had resected liver metastases rather than lung metastases make our interpretation of their results more difficult. Nozawa et al. showed the potential benefit of adjuvant administration of a FOLFOX regimen [23] . Unfortunately, they also have the same limitation as that of the Mitry et al. study [21] . Just recently, Park et al. reported results similar to our data [20] . They showed the potential benefit of adjuvant chemotherapy including modern chemotherapy with a DFS of 73% (HR 0.65, P ¼ 0.049).
Our study revealed that adjuvant chemotherapy after pulmonary metastasectomy had a strong effect on the prognosis of patients with lung colorectal metastases on the basis of two variables, the number of metastases and pre-thoracotomy CEA level. We consider this result to be very reliable and reasonable because there appear to be no major differences in the degree of importance of the other prognostic factors except for adjuvant chemotherapy between our study and other previous reports [24e27]. Further, the number three ranking of the HR of adjuvant chemotherapy on prognosis fits not only our clinical sense but also the data of Park et al. [20] This means that despite the advancements made in systemic chemotherapy, the effect of adjuvant chemotherapy on prognosis has not yet become as important as the effect of the most robust prognostic factors, the number of metastases and prethoracotomy CEA level, which respectively manifest the degree of malignancy and the extent of the microscopic spread of the tumor.
In addition to the main analysis, the results of subgroup analysis showed the validity of the effect of adjuvant chemotherapy. Furthermore, the results of subgroup analysis interestingly suggested that even patients with a single metastatic lesion and normal preoperative CEA levels appeared to receive benefits from post-lung resection adjuvant chemotherapy. This means that patients with a single metastatic lesion and a normal preoperative CEA level might have systemic disease. This is also supported by our data showing a frequent rate of recurrence after pulmonary resection in patients with a single CRC metastatic lesion and a normal preoperative CEA level ( Fig. 2B) .
Of the chemotherapy used in the study patients, 31% did not consist of modern standard chemotherapies containing oxaliplatin, irinotecan, and molecular-targeted drugs. However, this did not have a strong influence on the interpretation of the results of our study.
In regard to the prognostic factors, our results were nearly the same as those of a number of case series and meta-analyses reported previously. This indicates that the number of metastases and pre-thoracotomy CEA level are the most important prognostic factors. Other prognostic factors, such as DFI, pathological stage of CRC, liver metastasis before pulmonary metastasectomy, tumor size, and sex have smaller effects on prognosis than the number of metastases and pre-thoracotomy CEA level have. Although lymph node involvement is also one of the strong prognostic factors after lung resection for pulmonary metastases from CRC, we could not include it in our multivariable analysis because only a few patients had lymph node involvement. The reason might be that our surgical indications for pulmonary metastases of CRC were more conservative than those of institutions in other countries around the world. This might result from the fact that in Japan, lymph node involvement was already thought of as a contraindication in many institutions in the 1990s.
Limitations in our study include all biases caused by the retrospective design and the small sample size. We could not obtain information on performance status, doubling time, and chemotherapy data between the colorectal operation and pulmonary resection, which may have affected the results. Furthermore, this study might have a strong selection bias because the candidates for adjuvant chemotherapy were selected according to the responsible surgeon's judgement. Judging from Table 2 , although not statistically significant, the adjuvant chemotherapy group seemed to be slightly younger and to have slightly less lymph node metastasis than the surgery alone group. Moreover, Fig. 1 showed a slight possibility of immortal time bias. Therefore, it cannot be denied that these facts led to a favorable outcome in the adjuvant chemotherapy group. However, judging from the extent of the HR of adjuvant chemotherapy in the multivariable analysis, the results of the subgroup analysis, and recent developments in chemotherapy, we believe that even at the lowest estimation, adjuvant chemotherapy after lung resection has a strong effect on the prognosis of patients with pulmonary metastases from CRC.
In the future, to confirm our results and to realize the true benefits from adjuvant chemotherapy, it will be necessary to narrow down the suitable candidates for adjuvant chemotherapy after lung resection. Some potential solutions might include administration of systemic chemotherapy during the interval between the diagnosis of lung metastases and pulmonary metastasectomy or the discovery of a reliable new biomarker that predicts the effect of systemic chemotherapy.
Conclusion
In conclusion, our results showed that adjuvant chemotherapy after curative resection of lung metastases might have a strong effect on the prognosis of patients with metastatic CRC. To confirm our results and to maximize the effect of current chemotherapy, both narrowing down of the suitable candidates by predicting the effect of systemic chemotherapy and the performance of prospective randomized studies are clearly warranted.
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